Crossed molecular beams experiments on dicarbon molecules, C 2 (X utilizing a universal crossed beams machine to untangle the reaction dynamics forming hydrogen deficient hydrocarbon radicals in circumstellar envelopes of carbons stars and in cold molecular clouds.
Introduction
The reaction dynamics and energetics of the bare carbon clusters C 2 hydrogen deficient precursors, and of carbon-rich nanostructures up to fullerenes from the 'bottom up'. 4 In the interstellar medium, these sub-micrometer sized carbonaceous nanoparticles are thought to be primarily composed of nanometer-sized stacks of planar layers of carbon atoms. Those layers can be characterized as fused benzene rings and are likely formed via agglomeration of polycyclic aromatic hydrocarbons. 5, 6 Formed primarily as interstellar grains in outflow of dying carbon stars, they shield polyatomic molecules in dense clouds from the destructive ultraviolet field. 7 Due to the low temperatures of the grain particles of 10-15 K, these nanoparticles can also act as natural cold traps. Once a molecule or atom from the gas phase collides with the grain nuclei, it can stick to the surface with almost unit efficiency; atomic and molecular hydrogen as well as helium have sticking coefficients below one. This process accumulates icy structures of a few tens of nanometers thick which can act as catalysts to synthesize molecular hydrogen and saturated hydrides like water, ammonia, and methane. 8 These ices are also processed chemically by photons and cosmic ray particles to form astrobiologically important molecules, such as glycolaldehyde together with the structural isomers acetic acid and methyl formiate and possibly aminoacids. 9 Upon star formation, these molecules can be released into the gas phase via sublimation 10 and are thought to actively participate in the astrobiological evolution of the interstellar medium. 11 The crucial role of nanodiamonds in interstellar space and in chemical vapor deposition on the industrial scale should be also noted. 12 But despite the key role of carbonaceous nanostructures together with their hydrogen-deficient precursors in the chemical evolution of cold molecular clouds and circumstellar envelopes of carbon stars, the fundamental question 'How are these nanoparticles and their precursors actually formed?' has not been conclusively resolved. The majority of mechanistic information on the growth of polycyclic aromatic hydrocarbons and their precursors has been derived from chemical reaction networks which actually model the formation of PAH-like structures in the interstellar medium; 3 note that these processes are thought to be similar -with the exception that oxygen is present -to form PAH-like structures in sooting combustion flames. 1, 5 All models suggest that the synthesis of small carbonbearing radicals is linked to the formation of PAHs and ultimately to the production of carbonaceous nanostructures. Various mechanisms have been postulated; those currently in favour are thought to involve a successive build-up of hydrogen-deficient carbon bearing radicals via sequential addition steps of ground state atomic carbon, C( 3 P j ), dicarbon and tricarbon clusters (C 2 , C 3 ), small hydrocarbon radicals (C 2 H, C 2 H 3 , l/c-C 3 H, l/c-C 3 H 2 , C 3 H 3 , C 3 H 5 , i/n-C 4 H 3 , l/c-C 5 H 5 , C 6 H 5 ), and reactions via acetylene (C 2 H 2 ), diacetylene (C 4 H 2 ), benzene (C 6 H 6 ), PAH-like structures, and fullerenes. 13 Note that those species in italics together with SiC, SiC 4 , c-SiC 2 , and c-SiC 3 -precursors to silicon-carbon nanostructures -have been actually observed in the interstellar medium. information on the reaction energies. 8, 15 For instance, a novel study on the hydrocarbon chemistry in solar system environments (here: Neptune's stratosphere) clearly demonstrates the necessity of these laboratory studies. 16 A thorough error analysis of the input data exposed substantial shortcomings of currently existing models. C 2 compounds like dicarbon, the ethynyl radical, and acetylene were found to be 'reproduced' only within error limits of 100 %. The data are inflicted with larger uncertainties considering species with three carbon atoms, and errors of 200 % were derived. Inaccuracies of 2000 % for more complex molecules expose the severe limitations of current reaction networks. The decadal study of the National Aeronautics and Space Administration also recognized the importance of studying these important sets of neutral-neutral reactions. 17 Specifically, the reactions of dicarbon molecules and the formation of resonantly stabilized free radicals (RSFR) were requested to be studied to gain, once and for all, a detailed understanding on the underlying growth processes of PAHs, carbon-rich nanostructures, and their precursors.
Due to this importance, the kinetics of dicarbon reactions have been extensively investigated at room temperature 18 (recall that the electronically excited triplet state, a 3 Π u, lies only 718.32 cm -1 above the ground state X 1 Σ g + ). In these studies, the disappearance of dicarbon in the two electronic states (X 1 Σ g + and a 3 Π u ) was followed; the reactions of C 2 (X 1 Σ g + ) were found to be quite fast (of the gas kinetic order when the molecular partner is an unsaturated hydrocarbon) whereas the C 2 (a 3 Π u )
reactions were suggested to be systematically slower. However, despite these extensive kinetic studies, information on the products of dicarbon reactions together with the intermediates involved is still lacking. In some cases, primary products and reaction mechanisms were speculated on the basis of the observed temperature dependence of the reactions. For instance, from the measured removal rate constants of C 2 (X 1 Σ g + ) and C 2 (a 3 Π u ) by ethylene, the favored approach was suggested to be an addition of the electrophilic C 2 (both singlet and triplet states) to the olefinic π bond. Nevertheless, C 2 (
reacts faster than C 2 (a 3 Π u ). This implies that C 2 (X 1 Σ g + ) could also react through alternative pathways.
A few reactions of dicarbon were also investigated at 10 K and 77 K in the condensed phase and via ab initio calculations in order to understand the reaction mechanism. 19 Interestingly, the reaction products of the reaction of dicarbon with ethylene have been always speculated to be C 2 H and C 2 H 3 (∆ r G = − 36.7 kJmol -1 ) or C 2 H 2 and C 2 H 2 (∆ r G = − 435.8 kJmol -1 ) -so far without any experimental confirmation. These considerations make it exceptionally clear that novel laboratory studies on reactions of dicarbon with unsaturated hydrocarbons which provide reaction products, their branching ratios, the intermediates involved, and the thermodynamic properties of product isomers -data which kinetic measurements can never supply -are clearly imperative.
In this Faraday Discussion paper, we focus on the collision-energy dependent reaction dynamics of dicarbon molecules with unsaturated hydrocarbons acetylene (C 2 H 2 ( ducts are expected to be highly hydrogen deficient carbon bearing molecules; their spectroscopic properties are often unknown. Therefore, these products are difficult to monitor by optical detection methods, and a 'universal' detector is crucial in experiments when the nature itself of the product is obscure.
The crossed molecular beam technique with mass spectrometric detection has been established as a powerful technique to achieve these requirements and to observe radical product formation under wellcharacterized experimental conditions in the gas phase. In contrast to bulk experiments, where reactants are mixed, the main advantage of a crossed beams approach is the capability to form the reactants in separate, supersonic beams. In principle, both reactant beams can be prepared in well-defined quantum states before they cross at a specific collision energy under single collision conditions.
Since investigations are performed at the molecular, microscopic level in a collision free environmentwhere it is possible to observe the consequences of a single reactive event -this approach provides a complete insight into the reaction mechanism as the nature of the primary reaction products can be inferred. When the products are polyatomic molecules, the crossed beam technique with mass spectrometric detection has proved to be essential in identifying the relevant reaction pathways. 22 In fact, when distinct structural isomers -molecules with the same chemical formula but different arrangements of atoms -might be formed, knowledge of chemical reaction dynamics is crucial in order to assign the isomer(s) produced.
Experimental Setup 2.1. The Main Chamber
The reactive scattering experiments were carried out under single collision conditions in a crossed molecular beams machine at The University of Hawaii. 23 Briefly, the main chamber consists of a 304 stainless steel box (180 cm × 160 cm × 80 cm; 2300 l) and is pumped by three 2000 ls -1 magnetically suspended turbo molecular pumps (Osaka Vacuum; TG 2003) backed by one scroll pump (Edwards XD35; 10 ls -1 ) to the low 10 -8 torr region (Figures 1 and 2 ). To reduce the background from straightthrough molecules into the detector, the machine is equipped with a cold shield located between the chopper wheel and the interaction region (primary source) and downstream the skimmer (secondary source). The oxygen free high conductivity (OFHC) copper shield is interfaced to the second stage (10 K) of a CTI CP-1020 cold head and reduces the vacuum in the main chamber to 4 × 10 -9 torr. This arrangement limits the pressure in the main chamber during a crossed beams experiment to the low to medium 10 -7 torr regime. Both source chambers are located inside the main chamber so that the reac- The schematic top view of the machine is shown in Figure 3 .
Preparation of Supersonic Reactant Beams
The generation of supersonic reactant beams of sufficiently high concentration to guarantee a detectable quantity of the final reaction product(s) is essential. In our experiments, the 30 Hz output of a Spectra Physics GCR 270-30 Nd-YAG was focused onto a rotating carbon rod. 24 The ablated species 25 Likewise, the carbon atoms do not -in case of the atomic and molecular hydrogen replacement channels -interfere with the reactive scattering signal of the dicarbon -hydrocarbon reaction due to a mass difference of 12 amu of potential reaction products (section 3). 26 We would like to stress that the crossed beams reactions were carried out with pulsed molecular beams. Compared to continuous supersonic beams, pulsed beams offer certain advantages. Firstly, pumping requirements and hence involved costs can be reduced drastically due to the limited gas load from the pulsed valves. Secondly -if reactive species of one reactant beam are generated via pulsed laser ablation or photolysis of helium-seeded precursor molecules -operating the second beam also in a pulsed mode limits the gas consumption and hence costs of the second reactant molecules; this is of particular importance if isotopically labelled species such as deuterated or 13 C-substituted hydrocarbon gases are utilized; operating continuous beams of, for instance, HCCD, would certainly bankrupt the PI. Thirdly, pulsed beams allow a greater versatility of the reactant species such as dicarbon molecules to be generated. Stable and intense continuous beams of dicarbon molecules have not been established yet. Finally, pulsed beams allow a simple tuning of the collision energy by merely changing the delay times between both intersecting beams ( Table 1 ).
Detection of the Reactively Scattered Products
The reactively scattered species are monitored using a quadrupole mass spectrometric detector (QMS) (Figures 3 and 4) . The detector is located in a separate, triply differentially pumped ultra high vacuum chamber (10 -11 torr) and is rotatable within the plane defined by both beams. Since every rotation in a vacuum system increases the pressure, the rotating detector ring is separated by three teflon loaded seals from the atmosphere. The spaces between these seals are doubly differentially pumped to reduce the pressure from atmosphere (760 torr) via 10 -2 torr and 4 × 10 -8 torr (teflon sealed regions) to the low to medium 10 -9 torr in the main chamber. This arrangement ensures no pressure increase in the main chamber even if the detector is being rotated. Differentially pumped detector regions I/II reduce the gas load from the main chamber, whereas region III contains the Brink-type electron impact ionizer 28 surrounded by a liquid nitrogen cold shield. The quadrupole mass filter and the Daly-type scintillation particle detector 29 to record the flight time of the ion versus the intensity at a defined mass-to-charge ratio (m/z) (TOF mode). These TOF spectra can be taken at distinct mass-to-charge ratios (m/z) and at different laboratory angles. By taking and integrating the TOF spectra at distinct laboratory angles, we can obtain then the laboratory angular distribution, i.e. the integrated signal intensity of an ion of distinct m/z versus the laboratory angle. Note that each region is pumped by a magnetically levitated turbo molecular pump (region I/II: 400 ls -1 ; region III: 380 ls -1 ); all three pumps are backed by a 400 ls -1 turbo molecular pump whose exhaust is connected to an oil free scroll pump (10 ls -1 ). This pumping scheme reaches down to the low 10 -11 torr in region three; lower pressures down to the high 10 -13 torr regime can be achieved by operating a cold head inside region three (3.8 K; 1.5 W). The background masses are compiled in Table 2 . Thorium and iridium bearing species originate from the thoriated iridium filament, copper from the copper leads to the ionizer, iron/nickel/chromium from the heated stainless steel.
Data Analysis
For the physical interpretation of the reactive scattering data, it is necessary to transform the laboratory data into the center-of-mass (CM) system. 31 This enables us to obtain the information on the chemical dynamics of the reaction by fitting the TOF spectra of the reactively scattered products and the product angular distribution in the laboratory frame (LAB) using a forward-convolution routine. 32 This procedure initially postulates an angular distribution T(θ) and a translational energy distribution P(E T ) in the center-of-mass reference frame (CM). Laboratory TOF spectra and the laboratory angular distribution were then calculated from these T(θ) and P(E T ) accounting for the transformation Jacobian and averaging over the apparatus (chopper frequency; detector opening) and beam functions (velocity spread, angular spread). Best fits of the TOF and laboratory angular distributions were achieved by refining the adjustable T(θ) parameters and the points of the P(E T ). The final outcome is the generation of a product flux contour map which reports the differential cross section, I(θ,u), of the product as the intensity as a function of angle θ and product center-of-mass velocity u. This map serves as an image of the reaction and contains all the information of the reactive scattering process.
Also, the dynamics of the dicarbon and carbon atom reactions are quite distinct so that the crossed beams technique -together with the transformation from the laboratory to the center-of-mass frameallows us to separate the contribution of the dicarbon and carbon reaction. We would like to outline this procedure considering the reaction of atomic carbon and dicarbon with acetylene as an example ( Figure 5 ). 33 Here, a beam of the dicarbon species with a lab velocity 
In the laboratory system, the center-of-mass frame moves with the velocity V CM calculated with the masses of the reactants to equation (2) . With respect to the dicarbon beam, this vector holds a fixed center-of-mass angle, Θ CM , (equation (3)).
This gives, at our specific example as depicted in Figure 5 , the center-of-mass angles of 22.5° and 39.6° for the reactions of acetylene with dicarbon and atomic carbon, respectively. The center-of-mass velocity vector starts at the crossing point of the reactant beams and terminates at the center-of-mass of the system which is actually located on the relative velocity vector g. Since we have two reactionsthose of acetylene with dicarbon and atomic carbon -simultaneously, we also have to define two center-of masses,
and
, which are both located on the relative velocity vector g ( Figure 5 ). These center-of-masses play a central role to discriminate if the signal at lower mass-tocharge-ratios actually originates from reaction (R1), (R2), (R3), alone or a combination of these channels. To distinguish between these possibilities, we must have a closer look at the energetics of each reaction. This is carried out here exemplarily for the reaction (R1) assuming solely the most stable cyclic C 3 H isomer is formed. The total, maximum available energy, E avl , of the reaction, which can be released in translational energy of the reaction products, is simply the sum of the collision energy, E c (equation (5)), minus the reaction energy of the reaction, ∆ R G:
Angular momentum conservation dictates how the available energy will be partitioned among the C 3 H and H reaction products. Here, the maximum velocity of the heavy fragment in the center-of-mass reference frame,
, can be calculated via equation (6):
This presents the maximum recoil velocity a C 3 H product can have in the center-of-mass system.
Theoretically, the product molecules can scatter in a sphere which is centered at the center-of-mass of the reaction; this sphere holds a radius of a velocity vector 
The Computational Approach
All ab initio calculations of the reactants, products, intermediates and transition states on the PESs of the C 2 (
Π u ) reactions with acetylene, ethylene, allene, and methylacetylene were carried out using the G2M(CC,MP2) method, 34 which approximates the CCSD(T)/6-311+G(3df,2p) energy. 35 The geometries of various species were optimized at the density functional B3LYP/6-311G** level. 36, 37 Vibrational frequencies calculated at this level were used for characterization of stationary points as minima and transition states, for zero-point energy (ZPE) corrections, and for RRKM calculations of reaction rate constants. The GAUSSIAN 98 38 and MOLPRO 2002 39 ab initio program packages were employed. In this paper, we only focus on the computational results to supplement the experimental data. The complete triplet and singlet C 5 H 4 surfaces are released in a forthcoming publication. 40 We would like to note that electronic structure and statistical calculations (RRKM) cannot alone reveal the actual reaction mechanisms involved. The RRKM theory, for instance, presumes a complete energy randomization in the decomposing intermediate of a bimolecular reaction before the latter fragments.
However, crossed beam studies of C( 3 P j )/1,2-butadiene, 41 
To investigate the dynamics comprehensively, we performed the experiments at six collision energies ranging from 10.6 to 47.5 kJmol -1 (Table 1) averaged over all six collision energies. Also, the flux contour map ( Figure 8 ) holds a maximum peaking away from zero velocity, i.e. 3 -17 kJmol -1 . These data suggest that at least one reaction channel exhibits an exit barrier and, hence, a significant geometry as well as electron density change from the fragmenting C 4 H 2 intermediate to the products resulting in a repulsive bond rupture from a tight transition state. We also calculated the averaged fraction of the energy released into the translational degrees of the products to be 33 ± 3 % -almost invariant on the collision energy ( Figure   9 ). Finally, the angular part of the flux contour maps clearly indicates intensity over the angular range from 0° to 180° (Figure 10 ). This finding indicates indirect scattering dynamics thru C 4 H 2 complex(es).
The dicarbon [C 2 (X
The reaction of dicarbon with ethylene was conducted at four distinct collision energies between 12.1 and 40.9 kJmol -1 (Table 1) Figure 8 shows also the resulting flux contour map at a selected collision energy. Since the maximum energy releases presents the sum of the reaction exoergicity and the collision energy, we are able to determine the reaction exoergicity to form the C 4 H 3 isomer(s) plus atomic hydrogen to be 175 ± 10 kJmol -1 averaged over four collision energies.
Also, as obviously from the contour map (Figure 8 ), the flux of the C 4 H 3 isomer(s) shows a maximum away from zero; this broad plateau correlates with translational energies of between 5 and 45 kJmol -1 .
Hence, at least one pathway to synthesize the C 4 H 3 isomer(s) likely holds a tight exit transition state.
Finally, an inspection of the flux contour maps indicates intensity over the angular range from 0° to 180° suggesting that the reaction mechanism is indirect and proceeds via a bound C 4 H 4 complex.
The crossed beams experiments were carried out at four different collision energies between 13.9 and 50.3 kJmol -1 (Table 1) Figure 8 . Recall that the maximum energy releases is simply the sum of the reaction exoergicity plus the collision energy; therefore, we can subtract the latter from the high energy cutoff to obtain an experimental reaction exoergicity to synthesize the C 5 H 3 isomer(s) plus atomic hydrogen. Averaging over all four collision energies, an averaged value of 181 ± 12 kJmol -1 is derived. As can be seen from the flux contour map (Figure 8 ), the flux of the C 5 H 3 isomer(s) peaks away from zero velocity; the relatively broad peak correlates with center-of-mass translational energies between 15 and 40 kJmol -1 . This proposes that at least one reaction channel to form the C 5 H 3 isomer(s) has a tight exit transition state (repulsive carbonhydrogen bond rupture involving a significant electron rearrangement). Finally, the translational energy part of the flux contour map allows us to determine the averaged fraction of the energy released into the translational degrees of the products to be about 27 ± 2 % -almost independent on the collision energy ( Figure 9 ). This order-of-magnitude suggests that the reaction proceeds in an indirect fashion via complex formation. 47 Also, a detailed look of the angular parts of the flux contour maps depict intensity over the angular range from 0° to 180°; this involves indirect scattering dynamics and the participation of at least one C 5 H 4 complex in the entrance channel ( Figure 10 ).
We conducted the crossed beams reactions of allene with dicarbon at four different collision energies between 13.6 and 49.4 kJmol -1 (Table 1) Also, signal at lower mass-to-charge ratios did not reveal any additional reaction pathway over the complete range of collision energies in the dicarbon plus allene system. Therefore, the time-of-flight data indicate the occurrence of a dicarbon versus atomic hydrogen replacement pathway together with the formation of C 5 H 3 isomer(s) under single collision conditions as provided in crossed beams experiments. We can also integrate the TOF spectra to provide the laboratory angular distributions (LAB) of the C 5 H 3 product(s) at the most intense m/z value of 62 (C 5 H 2 + ). A typical distribution is shown in Figure 7 at a selected collision energy of 38.1 kJmol -1 . All LAB distributions showed maxima in the vicinity of the center of mass angles of the bimolecular reactions. At the lowest collision energy of 13.6 kJmol -1 , the distribution is isotropic (flat). With rising collision energy, however, these distributions show a pronounced backward-scattering (Figures 8 and 10 ). At all collision energies, a best fit of the TOF spectra together with the LAB distribution was obtained with a single channel and translational energy distributions depicting high energy cutoffs at 190-230 kJmol -1 . This yields an experimentally determined reaction exoergicity to form the C 5 H 3 isomer(s) plus atomic hydrogen of 191 ± 11 kJmol -1 averaged over all four collision energies. Note that also this flux contour map ( Figure 8) has a maximum away from zero velocity peaking at corresponding translational energies between 10 and 45 kJmol -1 . Again -similar to the dicarbon plus methylacetylene system -at least one reaction pathway to yield the C 5 H 3 isomer(s) holds a tight exit transition. We can also inspect averaged fraction of the energy released into the translational degrees of the products; this fraction drops slightly from 32 ± 1 % to 25 ± 1 % as the collision energy increases ( Figure 9 ). The order-of-magnitude indicates that the reaction is indirect and involves at least one intermediate. This is supported by the angular parts of the flux contour maps having intensity over the angular range from 0° to 180° (Figure 10 ).
Discussion

General Trends
As evident from the time-of-flight spectra and from the LAB distributions together with the bestfit center-of-mass functions, the reactions of dicarbon with unsaturated hydrocarbons are dictated by a dicarbon versus atomic hydrogen exchange pathway to form unsaturated hydrocarbon radicals of the generic formulae C 4 H (acetylene reactant), C 4 H 3 (ethylene reactant), and C 5 H 3 (methylacetylene and allene reactants). Note that we could not observe any evidence of any molecular hydrogen elimination channel although any molecular loss route is detectable with our crossed beams machine as demonstrated explicitly in the atomic carbon -acetylene system. 33 To identify the nature of the reaction products and to assign the isomer product correctly, we examine the experimentally derived reaction energies and compare those data with the computed energies for distinct isomers. How can this goal be achieved? Recall that if the energetics of the product isomers are well separated, the maximum translation energy E max can be used to identify the nature of the products. Since E max presents the sum of the reaction exoergicity plus the experimental collision energy, we subtracted the collision energy from E max to ascertain the experimentally determined exoergicity of the reaction to be 40 ± 5 kJmol -1 (C 4 H), ( Figures 11 and 13 ).
In addition to the reaction energies, the distribution maxima of the P(E T )s provide -in the most favourable case -the order-of-magnitude of the barrier height in the exit channel. If, for instance, a P(E T ) peaks at zero or close to zero, the bond rupture has either no or only a small exit barrier (loose exit transition state). On the other hand, the P(E T )s could show pronounced maxima away from zero translational energy; this may suggest a considerable electron density change from the fragmenting intermediate to the products and hence a tight transition state from the decomposing intermediate to the products. Considering the best fits, all center-of-mass translational energy distributions depict pronounced peaks in the range of 3-17 kJmol -1 (dicarbon-acetylene), 5-45 kJmol -1 (dicarbon-ethylene), 15-40 kJmol -1 (dicarbon-methylacetylene), and 10-45 kJmol -1 (dicarbon-allene). In case of the ethylene reaction in particular, the distribution maxima are very broad and spread over 40 kJmol -1 ; this likely suggests the existence of two microchannels from the singlet and triplet surface. Note that on each singlet potential energy surface, the exit transition states for the atomic hydrogen emission are mostly loose; on the other hand, on the triplet surface, the intermediates involve primarily tight exit transition states ( Figure 11 ).
We can also analyze the energy dependence of the averaged fraction of the available energy released into the translational degrees of the reaction products in detail ( Figure 9 ). In all reactions investigated, this fraction is limited within a relatively narrow range from 28 % to only 35 % and only slightly dependent on the collision energy. This order of magnitude suggests that the reactions are indirect and involve initially the formation of collision complexes. 8, 26 Recall that for direct reactions, (7) is -due to energy and total angular momentum conservationrovibrationally excited, decomposes back to the initial reactants, fragments to the C n+2 H m-1 product via atomic hydrogen elimination, or isomerizes (possibly via multiple steps) prior to its fragmentation.
Together with the experimentally observed atomic hydrogen displacement channel, the chemical reaction can be therefore summarized in reaction (7). Also, the energy dependence of the T(θ)s, in particularly the increasingly backward-scattered shapes ( Figure 10 ) in combination with the electronic structure calculations (Figure 11 ), can help us to collect additional information on the underlying reaction dynamics on the formation of the hydrocarbon radicals. Here, this energy dependence likely indicates the existence of two reaction channels, one pathway on the singlet surface and a second reaction on the triplet surface. This seems a plausible conclusion because the dicarbon beam contains dicarbon in its electronic ground state C 2 (X 1 Σ g + ) and also in the first electronically excited state The dicarbon-ethylene system shows more complicated reaction dynamics on the singlet and triplet surfaces. The formation of the C s symmetric 1-butene-3-yne-2-yl radical [i-C 4 H 3 (X 2 A'), H 2 CCCCH] requires the existence of singlet and triplet butatriene intermediates s2 and t7, respective-ly. Neither the initial collision complexes nor any reaction intermediate formed via successive isomerization of s1 or t1 can lose a hydrogen atom to synthesize the 1-butene-3-yne-2-yl isomer ( Figure 11 ).
The dicarbon [C
How can these complexes account for the symmetric center-of-mass angular distribution at lower, but increasingly backward scattered distributions as the collision energy increase? Recall that at the lowest collision energy, the forward-backward symmetry either suggests that the life-time of s2 and t7 is longer than their rotational periods. Alternatively, a rotation of s2 and t7 around a C 2 axis can interconvert the leaving hydrogen atom; this would be reflected in a symmetric angular distribution although the life time of the decomposing intermediate(s) is actually shorter than its (their) rotation period. Since all principal axes of s2 and t7 coincide with C 2 rotational axes, we cannot discriminate if the symmetric center-of-mass angular distribution at lower energy is the result of the life-time or of the symmetry of the molecules; experiments with d1-substituted ethylene are underway to distinguish between both possibilities; here, the incorporation of a single deuterium atom decreases the symmetry of s2 and t7 from D 2h and D 2d to C s in both cases; this eliminates the C 2 rotational axes and enables us to see if the forward-backward symmetry is maintained or not.
At higher collision energies, we still have to explain how the increasingly backward-scattered center-of-mass angular distributions can be accounted for. Recall that due to their symmetry, s2 and t7 all hold C 2 axes parallel to the A, B, and C principal rotational axes, and a fragmentation of these intermediates always results in forward-backward symmetric center-of-mass angular distributions.
Consequently, at least one additional decomposing intermediate must exist -either on the singlet or triplet surface -which does not have a C 2 rotational axis to interconvert two hydrogen atoms. On the singlet surface, s4, s6, and s7 fulfil these requirements; these molecules can fragment without exit barrier to form the 1-butene-3-yne-2-yl radical [i-C 4 H 3 (X 2 A'), H 2 CCCCH]. On the other hand, t8 also satisfies these conditions and may decompose via an exit barrier located 25 kJmol -1 above the separated products. Therefore, our electronic structure calculations and the existence of non-symmetric reaction intermediate(s) can account for the asymmetry in the center-of-mass angular distributions at higher collision energies. The explicit identification of the decomposing asymmetric molecule(s) is still in progress. All potential intermediates reside in relatively shallow potential energy wells; this could explain the asymmetric center-of-mass angular distribution and hence the inherent life time of the intermediates shorter than the(ir) rotational period. Also, recall that the center-of-mass translational energy distributions suggest the presence of an exit barrier; broad distribution maxima were found be-tween 5-45 kJmol -1 . On the other hand, the singlet and triplet potential energy surfaces suggest rather loose exit transition state with no (singlet) and only a moderate barrier of about 9 kJmol -1 , (from t7),
and the translation energy distributions should peak closer to zero. 8 However, the involvement of t8
could account for the off-zero peaking of the translational angular distributions. Essentially, no CC bonds are broken, the rearrangement of electronic structure is not so significant and only a low barrier, if any, can be expected. The calculations at the B3LYP level gave a late, productlike, but distinct transition state for the H loss from t5 with a small barrier, however, at the G2M level the energy of this TS is 1 kJ mol -1 lower than that of the products. Within error bars of the present calculations, the exit barrier if exists should not be higher than 5-10 kJ mol -1 .
The dicarbon
Astrophysical Implications
The carbon star IRC+10216 is the brightest carbon rich object in the infrared sky. 48 It has an extended envelope in which more than 60 species has been observed. This object is particular carbon rich, as many carbon clusters C n (n = 2, 3, 5), hydrogen deficient carbon chains C n H (n = 2 -8), cyanopolyynes (HC 2n CN (n = 1 -4)), their radicals C 2n CN (n = 1 -2), cummulenes C n H 2 (n = 3, 4, 6), and cm -3 via microwave spectroscopy. 51 The second isomer, allene, holds no permanent electric dipole moment and hence remains -in a similar manner to acetylene, ethylene, and dicarbon -unobservable via radio telescopes. However, despite these limitations, chemical reaction models predict that allene, ethylene, acetylene, and dicarbon are expected to be present in dark, molecular clouds, too. 52 These considerations make it exceptionally clear that the carbon star IRC+10216 resembles a natural reservoir of both the dicarbon and acetylene, ethylene, methylacetylene, and allene reactant molecules.
In our studies, we identified four hydrocarbon radical products in the reactions of acetylene (R1), ethylene (R2), allene (R3), and methylacetylene (R4) with dicarbon ( Figure 13 ). These are 1,3- To our best knowledge, no ion-molecule reaction network can explain the formation of this radical quantitatively. Therefore, the crossed beams data present compelling evidence that barrier-less and exoergic neutral-neutral reactions might produce the 1,3-butadiynyl radical under single collision conditions via reactions of dicarbon in its X linear. Consequently, the microwave spectrum of the i-C 4 H 3 radical depends strongly on the temperature of the interstellar environment. Vice versa, recording these microwave spectra could serve as a probe to sample the temperature in distinct regions of the circumstellar envelope.
Thirdly, all radicals are expected to play a significant role in formation of aromatic ring(s) in extraterrestrial environments. The 2,4-pentadiynyl-1 radical represents also an important resonancestabilized free radical (RSFRs); 1 compared to the propargyl radical [HCCCH 2 (X 2 B 1 )] -thought to be a major growth species to form the very first aromatic ring in oxygen-poor and hydrocarbon rich environments -the 2,4-pentadiynyl-1 radical is expanded by one carbon-carbon triple bond to give rise to a linear heavy carbon atom backbone and its reaction with the methyl radical may efficiently produce benzene or phenyl radical plus atomic hydrogen. 53, 54 Therefore, the inclusion of the reaction products of these neutral-neutral reactions into astrochemical models of carbon rich circumstellar envelopes and molecular clouds will lead to a refined understanding on the formation of polycyclic aromatic hydrocarbons (PAHs), their hydrogen deficient precursors, and of carbon-rich nanostructures. 
Conclusions
Our investigations demonstrated that the bimolecular reactions of dicarbon molecules with acetylene, ethylene, methylacetylene, and allene proceed without entrance barrier and through indirect (complex forming) scattering dynamics. Each reaction is initiated by an addition of the dicarbon molecule to the π bond of the unsaturated hydrocarbon molecule yielding initially acyclic (triplet surface) as well as three-and four-membered cyclic collision complexes (triplet and singlet surfaces). On the singlet surface, the cyclic structures isomerize to form eventually diacetylene (HCCCCH; C 2 /C 2 H 2 ), butatriene HCCCHCCH] under single collision conditions; both the experiments and RRKM calculations agree that molecular hydrogen loss pathways are unimportant and contribute less than 1 % to the scattering signal. The overall reactions to form the hydrogen-deficient radicals were found to be exoergic. The underlying characteristics (indirect scattering dynamics; no entrance barrier; isomerization barriers below the energy of the separated reactants; exoergic reactions) suggests the enormous potential of the dicarbon plus unsaturated hydrocarbon reaction class to form highly hydrogen-deficient carbonaceous molecules in cold molecular clouds and in circumstellar envelopes of carbon stars. In denser environments such as in comets and related oxygen-poor combustion flames, the identified reaction intermediates can also be stabilized via a third body collision. We would like to mention that our collision energies are actually higher than the equivalent temperature in cold molecular clouds. However, in case of the dicarbon plus acetylene, ethylene, and allene, we observed only one reaction product, i.e. the , respectively, on the singlet surface. Therefore, based on our investigations, even at lower collision energies, only one isomer is formed on the singlet surface. On the other hand, the involvement of two isomers in the dicarbon -methylacetylene reaction and their branching ratio could be sensitive to the collision energy and hence temperatures. This is currently under investigation. Summarized, our studies present an important advancement to establish a comprehensive database of reaction intermediates and products involved in bimolecular collisions of dicarbon molecules with unsaturated hydrocarbons which can be utilized in refined astrochemical models and also in future searches of hitherto unidentified interstellar molecules.
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